APPLICATION 


FOR 

UNITED STATES LETTERS PATENT 


APPLICANT NAME: Michael R. Sievers, Steven B, 

Herschbein, Aaron D. Shore 

TITLE: Focused Ion Beam Process For Removal 

of Copper 


DOCKET NO. FIS920000409US1 


INTERNATIONAL BUSINESS MACHINES CORPORATION 


CERTIFICATE OF MAILING UNDER 37 DFR 1.10 

I hereby certify that, on the date shown below, this correspondence 
is being deposited with the United States Postal Service in an 
envelope addressed to the Assistant Commissioner for Patents, 
Washington, D.C., 20231 as "Express Mail Post Office to Addressee" 

Mailing Label No. EF38303Q 1 73US 

on June 22, 2001 


Karen Cinq -Mars 



FOCUSED ION BEAM PROCESS 
FOR REMOVAL OF COPPER 


BACKGROUND OF THE INVENTION 

Focused ion beam technology (FIB) utilizes an apparatus that focuses an ion beam 
5 from an ion source through a lens and irradiates the beam onto a sample. In the 

fabrication of integrated circuits, FEB is frequently used to mill away (etch) material by 
irradiating an ion beam of relatively high current onto the substrate. The focused ion 
beam can be directed to a very small point on a semiconductor device and then scanned, 
raster fashion, over a surface where material is to be removed. As an ion impinges on the 

10 semiconductor device surface, its momentum is transferred, resulting in the removal of 
one or more surface atoms according to a process called sputtering. By selecting a raster 
pattern of a given overall shape, for example a horizontal raster pattern, a correspondingly 
shaped area of surface material can be removed. Often several successive layers of a 
semiconductor device are removed in a given area in order to reach and possibly sever an 

1 5 underlying layer. 

The rate and controllability of milling can be enhanced by injecting gases that 
preferentially mill particular materials, such as dielectric or conductive materials. Gases 
are injected near the surface of the semiconductor device during the milling process to 
increase the efficiency of removing a specific type of material. As the boundaries 

20 between different materials are traversed, the type of gas injected may be changed to 

conform to the requirements of the new material; that is, a different gas may be used for 
each material or class of materials. Such techniques can be used to selectively expose the 
integrated circuit structure for probing or examination, cut holes through power and 
ground planes, and to selectively sever conductors. For example, U.S. Pat. Nos. 

25 5,188,705 and 5,376,791 to Swanson et al disclose the use of a focused ion beam for 

sputtering (etching) of semiconductor devices while directing iodine vapor toward the 

FIS920000409US1 

1 


surface to enhance the removal of materials such as silicon and aluminum. See also U.S. 
Pat. No. 5,009,743 to Swann, which describes the use of dual ion guns in combination 
with injection of molecular iodine, and U.S. Pat. No. 4,226,666 to Winters et al. which 
describes etching employing electron-beam or ion-beam radiation and a noble gas halide 
5 such as XeF 2? XeF 4? XeF 6 , KrF 2 , KrF 4 and KrF 6 . The use of XeF 2 with FIB for preferential 
etching of dielectric in semiconductor devices has become commonplace as the use of 
XeF 2 substantially increases the etching rate of dielectric relative to the etching rate of 
most metals so that conductors can be exposed rapidly and with less risk of electrostatic 
discharge damage. 

10 For a number of well known reasons, integrated circuits are now transitioning 

*J from aluminum to copper interconnects as device generation goes beyond the 0.35 micron 

ffl design rules. For preferential FIB etching of aluminum metal relative to dielectric, the 

%| use of fluorine, chlorine or iodine gas is typically used to increase the etching rate. 

. However, it has been found that the use of halogens, in general, causes severe corrosion 

^ 15 of copper surfaces due to the high reactivity of halogens with copper. Moreover, the use 
£3 of FIB for removal of copper is more complicated relative to aluminum due to the 

Sjj presence of copper grains. Current FEB processes for removal of copper result in the 

JJ: redeposition of copper. 

SUMMARY OF THE INVENTION 

20 A process for milling copper metal from a substrate having an exposed copper 

surface includes absorbing a halogen gas onto the exposed copper surface to generate 
reaction products of copper and the halogen gas; removing unreacted halogen gas from 
the surface; and directing a focused ion beam onto the surface to selectively remove a 
portion of the surface comprising the reaction products. Preferably, unreacted halogen 

25 gases are removed from the exposed copper metal surfaces by an electron beam scan. 
The beam current of the focused ion beam is preferably from about 500 to 3,000 

FIS920000409US1 

2 


pico Amps. In a preferred embodiment, iodine is absorbed directly onto the exposed 
copper surfaces. 

A process for focused ion beam milling multiple layers of a substrate, wherein the 
substrate comprises an insulating layer in contact with an underlying copper surface 
5 includes exposing the substrate to a noble gas halide within an enclosed chamber; 

directing a focused ion beam onto a portion of the insulating layer and removing the 
portion to expose the underlying copper surface; absorbing a halogen gas onto the 
exposed copper surface to generate reaction products of copper and the halogen gas; 
removing unreacted halogen gas from the surface; and directing a focused ion beam onto 
10 the surface to selectively remove a portion of the surface comprising the reaction 
products. 

Other advantages and a fuller understanding of the invention will be had from the 
accompanying drawings and detailed description that follows. 


BRIEF DESCRIPTION OF THE DRAWINGS 
15 Figure 1 is schematic diagram of a focused ion beam system. 

Figure 2 is a scanning electron micrograph of a mill box, wherein the left side of 
the mill box is processed in accordance with an embodiment of the present invention and 
the right side of the mill box is processed in accordance with the prior art. 


DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
20 A focused ion beam process for removing copper includes exposing a substrate 

including an exposed copper surface to a halogen gas enabling a chemical reaction 
between the halogen gas and the copper to form at the copper surface. Unreacted halogen 
gas is then removed from the surface and a focused ion beam is directed toward the 
surface for selective removal, through sputtering, of a portion of the surface comprising 
25 the reaction products of the halogen gas and copper. Advantageously, the process cleanly 
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and anisotropically removes copper from the substrate. Moreover, the process effectively 
prevents redeposition of copper. 

In particular, the FIB process for selectively milling copper from a substrate 
includes exposing a mill box containing an exposed copper surface to a halogen gas for a 
5 period of time effective to enable a chemical reaction between the halogen gas and the 

copper. Excess or unreacted halogen gas is then removed from the surface in the vicinity 
of the mill box by exposing the surface to an electron beam scan. The electron beam scan 
is continued and repeated until the unreacted halogen is removed from the surface. 
Energy dispersive X-ray spectrometry is employed to determine the amount of halogen 

1 0 within the mill box area. A focused ion beam is then generated and is directed toward the 

copper surface, for example, by rastering the beam over a defined mill area. 

The energy of the ion beam is typically between 30 keV and 50 keV, although ion 
beam energies less than 30 keV could be used. Ion beam energies less than 30 keV result 
in less sputtering than higher energy ions, thereby reducing the non-selective removal of 

15 material and increasing the contribution of the gas to the removal of surface material. 

Skilled persons can readily adjust the etch time, gas flow, and ion beam characteristics to 
suit the particular materials and size of the cross section being exposed. 

The focused ion beam mills copper from the substrate through sputtering of a 
portion of the surface comprising the reaction products of halogen and copper. 

20 Preferably, the ion-beam milling step is for a period of time effective to remove the 

surface defined by the reaction products in a mill box. Preferably, the ion beam milling 
process is for a period of about two minutes. Preferably, a beam current, which will vary 
with the size of the cross section, is from about 500 to 3,000 picoAmps. 

The halogen gas is preferably in the gas phase at or near room temperature and at 

25 the pressures present in the focused ion beam vacuum chamber. The halogen gas 

preferably combines with the copper to produce compounds that will not remain on the 
surface of the substrate during ion beam milling, i.e., exposure to the focused ion beam 
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cause the compounds to volatize. The focused ion beam reaction products migrate into 
the vacuum chamber 28 and are subsequently removed by vacuum. Preferred halogen 
gases include Group VII elements of the periodic table such as chlorine, iodine and 
fluorine. More preferably, the halogen gas is iodine, wherein the iodine is supplied as a 
5 vapor. 

As the halogen gas or vapor is directed toward the surface of a substrate (e.g., 
substrate 24 in Figure 1), halogen gas or vapor is adsorbed onto the copper surface 
enabling a chemical reaction to take place between halogen gas and the copper. As the 
focused ion beam scans this surface, the reaction product of the halogen gas and copper is 

10 removed, for example if the halogen is iodine, copper iodide (Cul) is removed. 

In the course of removal of copper by sputtering it is desirable to provide 
sufficient halogen gas to the surface to form at least a saturated monolayer before 
impingement of the ion beam. Any excess halogen is removed prior to milling such as by 
electron beam scanning. The gas assisted physical sputtering of copper is very selective 

15 and allows accurate machining of desired areas without affecting the surrounding areas. 

Furthermore, the absence of copper redeposition is observed. Thus, rapid and accurate 
machining of surfaces including copper conductors in integrated circuit devices is 
selectively carried out in accordance with the present invention. 

Referring now to Figure 1, there is depicted a focused ion beam system suitable 

20 for carrying out the present invention and generally designated reference numeral 10. The 

invention is not limited to any particular focused ion beam systems in this or in the 
following embodiments. Focused ion beam systems particularly suitable for use are 
systems having gas assisted capabilities. 

The system includes an evacuated envelope 12 having an upper portion 14 within 

25 which are located a liquid metal ion source 16 and a focusing column 1 8 which includes 
extractor electrode means and an electrostatic optical system. Ion beam 20 passes from 
the liquid metal source 16 through column 18 and between electrostatic deflection means, 
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schematically indicated at 22, toward a substrate 24, which suitably comprises a 
semiconductor device positioned on a stage 26 within chamber 28. An ion pump 30 is 
employed for evacuating the upper portion 14. The chamber 28 is evacuated, preferably 
with a turbomolecular and mechanical pumping system 32 under the control of vacuum 
5 controller 34. High voltage power supply 36 is connected to the liquid metal ion source 

16 as well as to appropriate electrodes in the ion beam focusing column 18 for forming an 
ion beam 20 and directing the same downwardly. Deflection controller and amplifier 38, 
operated in accordance with a prescribed pattern, such as a raster pattern, provided by 
pattern generator 40, is coupled to deflection plates 22 whereby ion beam 20 may be 

10 controlled to trace out a corresponding pattern on the upper surface of substrate 24. 

The metal source 16 typically provides a metal ion beam of gallium (although 
other metallic ions can be used, for example indium or aluminum). The source is capable 
of being focused into a sub-0.1 micron width beam at substrate 24. An electron 
multiplier 42 used for detecting secondary emission for imaging is connected to a video 

1 5 circuit and amplifier 44, the latter supplying the drive for video monitor 46 also receiving 
deflection signals from deflection controller and amplifier 38. The evacuated envelope 
12 preferably also includes a scanning electron microscope (SEM) 46 that can be used to 
view the results of operations performed by the focused ion beam, or more preferably, 
that can perform electron beam processing. SEM 46 includes an electron beam generator 

20 48 and an associated power supply and controls 50. 

A gas source 52 is located inwardly of the side of chamber 26 by a translation 
device 54 adapted for positioning the source 52 via support means within bellows 56. 
Bellows 56 accommodates movement of the nozzle assembly and reservoir relative to the 
substrate 24 without affecting the vacuum within chamber 28. Gas source 52 includes a 

25 reservoir 58 and a heater 60, which may comprise a membrane type heater and which may 
be used for raising the temperature of a compound within reservoir 58 to a temperature 
for providing a suitable vapor pressure in accordance with art recognized practices. A 
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transfer tube or nozzle 62 comprising a capillary tube provided by a hypodermic needle 
extends from reservoir 58 and is connected thereto via control valve 64 adapted for 
releasing gaseous vapor. The nozzle is extended and translated in orthogonal directions 
substantially perpendicular to its axis employing translation apparatus 54, so that gaseous 
5 vapor can be aimed directly toward a region on the top surface of substrate 24. 

A door 66 is opened for inserting substrate 24 onto stage 26 which may be heated, 
and also for servicing the reservoir 58. The door is interlocked so that it cannot be opened 
if the temperature in reservoir 58 is substantially above room temperature. A gate valve, 
schematically illustrated at 68, is closed before door 66 can be opened to seal off the ion 
10 source and focusing column apparatus. Bellows 52 accommodates movement of the 

nozzle assembly and reservoir relative to the sample without affecting the vacuum within 
chamber 26. 

The vacuum control system along with the heater of gaseous vapor source 46 are 
operated to provide an appropriate vapor pressure condition for establishing a gaseous 

15 vapor flux in chamber that is directed toward substrate 24 for selective etching. To 

establish a given gaseous flux, the reservoir 58 is heated to a predetermined temperature 
as is known by those skilled in the art. 

The high voltage power supply 36 provides an appropriate acceleration voltage to 
electrodes in ion beam focusing column 18 for energizing and focusing ion beam 20. 

20 When the ion beam 20 strikes the substrate 24 having condensed gaseous vapor adhered 
thereupon, the ion beam 20 provides energy for initiating a reaction between the etch- 
enhancing gaseous compound and the substrate as well as for sputter etching selected 
areas of the substrate. Deflection controller and amplifier 38 causes the ion beam 20 to 
be deflected in a desired pattern wherein deflection of the ion beam 20 is at a rate slow 

25 enough for etching substrate 24. Considerations regarding deflection speed, loop time, 

etc. are well within the skill of those in the art. 
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EXAMPLES 

Example 1 . 

In this example, a 2 micron layer of tetraethylorthosilicate (TEOS) was first 
formed on a substrate having thereon a copper surface. TEOS was chosen to simulate an 
5 oxide coating typically employed in the production of integrated circuits. The substrates 

are then placed into a chamber of a FEI 835 dual beam FIB instrument commercially 
available from FEI Company. A mill box is defined in the substrate. 

The left side of the mill box is exposed to a default mill process employing the 
use of xenon difluoride through the TEOS layer to expose the copper surface as 
1 0 determined by endpoint detection. A pre-mill dose of iodine is then done for 2 minutes 

to form a reaction layer of CuL A 25kV electron beam scan of the surface is performed 
until there is no evidence of excess (unreacted) iodine as evidenced by EDX (energy 
dispersive X-ray spectrometry). The copper region is then milled away with no evidence 
of unreacted iodine in the reaction area and very small amounts of copper in the TEOS 
15 region. 

The right side of the mill box is exposed to a default mill process employing the 
use of xenon difluoride through the TEOS layer to expose the copper surface as 
determined by endpoint detection. A default mill process without the use of a gas vapor 
was used to remove the exposed copper. The same beam current and acceleration 

20 voltages were employed for both sides of the mill box. 

As show in the scanning electron micrographs of Figure 2, the default FIB 
milling process applied to both the TEOS and copper layers resulted in a grain 
dependence and redeposition of copper onto the substrate (right hand side of mill box). 
In contrast, the FIB milling process employing iodine gas assisted etching for removal of 

25 the copper layer resulted in clean removal of the copper with no observed grains or 

redeposition of copper. Moreover, the process did not result in any corrosion of the 
exposed copper. 
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While preferred embodiments have been shown and described, various 
modifications and substitutions maybe made thereto by one skilled in the art without 
departing from the spirit and scope of the invention. Accordingly, it is understood that 
the present invention has been described by way of illustration only, and such illustrations 
and embodiments as have been disclosed herein are not to be construed as limiting the 
scope of the claims. 
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